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Phosphatidicacid(PA)isanimportantintermediateinmembranelipidmetabolismthatacts
as a key component of signaling networks, regulating the spatio-temporal dynamics of the
endomembrane system and the cytoskeleton. Using tobacco pollen tubes as a model,
we addressed the signaling effects of PA by probing the functions of three most relevant
enzymes that regulate the production and degradation of PA, namely, phospholipases D
(PLD), diacylglycerol kinases (DGKs), and lipid phosphate phosphatases (LPPs). Phyloge-
netic analysis indicated a highly dynamic evolution of all three lipid-modifying enzymes
in land plants, with many clade-speciﬁc duplications or losses and massive diversiﬁca-
tion of the C2-PLD family. In silico transcriptomic survey revealed increased levels of
expression of all three PA-regulatory genes in pollen development (particularly the DGKs).
Using speciﬁc inhibitors we were able to distinguish the contributions of PLDs, DGKs, and
LPPs into PA-regulated processes. Thus, suppressing PA production by inhibiting either
PLD or DGK activity compromised membrane trafﬁcking except early endocytosis, dis-
rupted tip-localized deposition of cell wall material, especially pectins, and inhibited pollen
tube growth. Conversely, suppressing PA degradation by inhibiting LPP activity using
any of three different inhibitors signiﬁcantly stimulated pollen tube growth, and similar
effect was achieved by suppressing the expression of tobacco pollen LPP4 using anti-
sense knock-down. Interestingly, inhibiting speciﬁcally DGK changed vacuolar dynamics
and the morphology of pollen tubes, whereas inhibiting speciﬁcally PLD disrupted the actin
cytoskeleton. Overall, our results demonstrate the critical importance of all three types of
enzymes involved in PA production and degradation, with strikingly different roles of PA
produced by the PLD and DGK pathways, in pollen tube growth.
Keywords: phosphatidic acid, pollen tube, phospholipase D, diacylglycerol kinase, lipid phosphate phosphatase,
tobacco, signaling, tip growth
INTRODUCTION
The pollen grain of ﬂowering plants germinates on a receptive
stigma and develops a pollen tube that grows through the pistil
towardtheovules,thusservingasacourierthatdeliversthesperm
cells to the embryo sac. For successful fertilization to occur, the
pollen tube must accomplish two main goals – to elongate effec-
tively and to navigate its way in the desirable direction. To achieve
this, pollen tubes perform a specialized type of cell expansion
called “tip growth” in which all growth occurs in a single region,
the apical part of the tip-growing cell. Besides pollen tubes, other
cell types such as root hairs, fungal hyphae, and neuronal cells
likewise elongate by tip growth, sharing conserved mechanisms
thatbringaboutthistypeof growth.Acrucialaspectof tipgrowth
is the establishment of a unique growth domain at the plasma
membrane,the maintenance of which and also the accompanying
membrane trafﬁcking require appropriately regulated lipid sig-
naling (reviewed in Malhó et al., 2006; Žárský and Potocký, 2010;
Zonia, 2010).
Lipid signaling employs various messenger molecules that
carry out communication between the plasma membrane, the
endomembrane compartments, and the cytoplasm. This com-
munication system is based on speciﬁc lipids as messengers and
enzymes responsible for their production and degradation. Phos-
phoinositides (PPIs) together with various kinases and phos-
phatases were described as speciﬁc lipids and enzymes with sig-
naling functions earlier (Martin, 1998). In addition to PPIs, the
simplest phospholipid,phosphatidic acid (PA),has emerged as an
important signaling molecule that plays a fundamental role in a
variety of biotic and abiotic stresses such as wounding, pathogen
attack, salinity, drought, and cold (Bargmann and Munnik, 2006;
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Testerink and Munnik, 2011). Moreover, PA has been shown to
play a critical role in the regulation of tip growth in pollen tubes
and root hairs (Ohashi et al., 2003; Potocký et al., 2003; Monteiro
et al., 2005). Two major, distinct signaling pathways contribute
to the production of PA (Kooijman and Testerink, 2010). One is
a direct cleavage of structural phospholipids by phospholipase
D (PLD), and another is a sequence of reactions catalyzed by
phospholipase C (PLC) and diacylglycerol kinase (DGK). Cel-
lular PA levels may be attenuated either through dephosphory-
lation to diacylglycerol (DAG) by PA phosphatase (reviewed in
Nakamura and Ohta, 2010) or through phosphorylation to dia-
cylglycerol pyrophosphate (DGPP) by a PA kinase that awaits
molecular characterization (van Schooten et al., 2006). PA acts
as a membrane-localized signal, affecting downstream responses
by binding speciﬁc protein targets including a variety of pro-
tein kinases,phosphatases and speciﬁc proteins involved in vesicle
trafﬁcking or regulation of the actin cytoskeleton (Testerink and
Munnik, 2011). As a structural membrane lipid, PA also affects
the biophysical properties of the plasma membrane because of
its negative charge and a cone- like shape, which promotes mem-
brane curvature (Kooijman et al., 2003; Testerink and Munnik,
2011).
Phospholipases D are ubiquitous eukaryotic enzymes that
cleavestructuralphospholipids,releasingPAandafreepolarhead-
group. Plants employ two distinct subfamilies of canonical PLDs,
a C2-domain-containing subfamily and the PX- and PH-domain-
containing subfamily. Moreover, the C2-domain-containing sub-
family forms at least ﬁve different subclasses with speciﬁc bio-
chemical and functional properties. We have shown that PLD
activityiscrucialfortheregulationofpollentubegrowth(Potocký
et al.,2003; Pleskot et al.,2010).
Inthealternativepathwayof PAproduction,PLCﬁrstproduces
DAG by cleaving either phosphatidylinositol (4,5)-bisphosphate
(PI-speciﬁc PLCs) or structural phospholipids (non-speciﬁc
PLCs). DAG can be subsequently phosphorylated by DGK to PA.
The main signature of DGKs is the presence of two domains,
the DGK catalytic motif and the DGK accessory kinase motif.
Moreover, some DGK isoforms, mainly those in metazoa, con-
tain additional regulatory motifs, including C1 domain, calcium-
binding EF hand motif, ankyrin repeats, PH-domain, and oth-
ers. Although DGK was originally described in the 1980s and
the ﬁrst human DGK was cloned in the 1990s (for review see
Mérida et al., 2008) only a handful of more recent studies
have described the role of DGKs in plants, mainly in the con-
text of various stress responses (Ruelland et al., 2002; Gómez-
Merino et al., 2004, 2005; Arisz et al., 2009; Arisz and Munnik,
2011).
As for any signaling mediator, PA levels must be appropri-
ately regulated to achieve temporal and spatial control of signal-
ing. For down-regulation, the activity of PA phosphatase can be
mediated by genes from two different families, lipins and lipid
phosphate phosphatases (LPPs). Both families have homologs in
mammals, fungi, and plants. Lipin activity is Mg2+-dependent
and PA-speciﬁc (Donkor et al., 2007). The Arabidopsis genome
contains two lipin homologs, Pah1 and Pah2, which seem to
act in the eukaryotic pathway of glycerolipid metabolism, espe-
cially during phosphate depletion. The two proteins provide
DAG for further utilization in the inner membranes of plas-
tids (Nakamura et al., 2009). LPPs are membrane-bound pro-
teins that contain six transmembrane domains and three con-
served motifs. LPPs have broader substrate speciﬁcity than lip-
ins, with some isoforms utilizing both DGPP and PA, whereas
others have a strong preference for a particular phospholipid.
Arabidopsis has four LPP genes with clear homology to mam-
malian and yeast genes. AtLPP1 is a DGPP-preferring enzyme
induced by stresses and elicitors, whereas AtLPP2 shows no pref-
erence for either DGPP or PA. AtLPP3 and AtLPP4 remain to be
characterized (Nakamura and Ohta, 2010). Arabidopsis genome
also encodes ﬁve genes that share several conserved amino-acid
residues with canonical eukaryotic LPPs and are homologous
to cyanobacterial genes (therefore termed prokaryotic LPPs).
Three of these are localized to plastids where they are thought
to play a role in general lipid metabolism (Nakamura et al.,
2007).
To date, only the activity of PLD has been studied in the con-
textof pollentubetipgrowth(Potockýetal.,2003;Monteiroetal.,
2005)whiletherearenodataontheroleofDGKorLPP.Sincethese
enzymes belong to multi-gene families, it is advantageous to use
pharmacology to investigate the general role of the entire enzyme
family. In the present work, we employed this approach to study
the turnover of PA mediated by the PLD,DGK,and LPP pathways
intobaccopollentubes.Weusedinhibitorsthatareknowntoaffect
speciﬁcally different enzymes involved in PA signaling. In partic-
ular, we used n-butanol (n-ButOH) to inhibit PLD-produced PA
(Ella et al., 1997; McDermott et al., 2004), the compound R59022
to inhibit DGK (Ruelland et al.,2002; Gómez-Merino et al.,2004,
2005) and several known inhibitors of eukaryotic LPP activity
such as NEM, PG, and propranolol (Meier et al., 1998; Furneisen
and Carman, 2000). We show that these inhibitors have distinct
effectsonthegrowthof thepollentubeaswellasonthemorphol-
ogy and the dynamics of various cellular structures. The results
indicate that distinct PA signaling pools are present in the tip
of a growing pollen tube where they modulate various cellular
processes.
RESULTS
THE EVOLUTION OF KEY PA SIGNALING GENES SHOWS A HIGH
DIVERSITY IN THE PLANT KINGDOM
In order to elucidate the pattern of PA signaling in pollen tubes,
we analyzed the evolution and gene expression of PLDs, DGKs,
and LPPs,focusing on multicellular“higher”plants with cells that
exhibit tip growth.
Plant PLDs comprise the most expanded group from all the
genesanalyzed.Thisfamilycanbedividedintotwowell-supported
clades corresponding to the C2-PLD and PXPH-PLD subfami-
lies (Figure 1A). Our initial sequence analysis suggested the C2-
PLDs form two main classes, named after the ﬁrst-characterized
members, namely, the PLDα-like class and the β/γ/δ-class (Eliáš
et al., 2002). These two classes differ also in their gene struc-
ture, with the α-class genes usually consisting of three or four
exons whereas genes of the β/γ/δ-class have 10 exons. Our data
show that this diversiﬁcation is probably conserved across all land
plants since members of both classes are found in Physcomitrella
and Selaginella. In the β/γ/δ-class there are four moss genes and
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two lycophyte genes, and the α-class contains three genes from
Selaginella andﬁvegenesfromPhyscomitrella.Exon–intronstruc-
ture and all conserved sequence blocks are well preserved for both
classes among angiosperm,moss,and lycophyte genes. Unexpect-
edly, Physcomitrella and Selaginella PLDs do not form the most
basal branches within the 3-exon or 10-exon C2-PLDs but instead
cluster together with conventional PLDα and PLDδ subclasses,
respectively (with the exception of PpatPLDα5).
Both Selaginella and Physcomitrella PLDs further multipli-
cated independently after the separation of mosses, lycophytes,
and seed plants. Rapid diversiﬁcation of C2-PLDs is evident
also from the evolution of angiosperm orthologs. In eudicots,
some subclasses originally deﬁned in Arabidopsis a r ew e l lc o n -
served in all analyzed species. Thus, homologs of PLDα1-2,
PLDα3, PLD , PLDβ1-2, and PLDδ are found also in poplar
and Medicago, although multiple duplications within these
clades are frequently observed. Conversely, other PLD sub-
classes have an uneven distribution, for example, 10-exon PLD
class named PLDν and deﬁned originally for rice has clear
orthologs in both poplar and Medicago but not in Arabidopsis.
On the other hand, no members of the PLDγ-subclass could
be found outside the Brassicaceae. As mentioned above, one
moss PLD gene (PpatPLDα5) has been placed outside the typi-
cal PLDα-class but signiﬁcant bootstrap support is lacking and
neighbor-joining analysis suggested different topology (data not
shown).
In contrast to the C2-type PLDs, plant PXPH-type PLDs rep-
resent a much smaller subfamily showing a distribution that cor-
responds to species evolution,with moss and lycophyte sequences
occupying the base of the subtree followed by the angiosperm
branch (Figure 1A). Most of the examined species contain two
PXPH-type PLD genes. The ancestor land plant probably had
one copy of the PXPH-PLD in the genome and duplications
occurredindependentlyafterthediversiﬁcationinthelinesleading
to mosses, lycophytes, eudicots, and monocots.
Similarly to the plant PLDs,plant DGKs also form two distinct
subfamilies. Members of the ﬁrst subfamily contain a predicted
transmembrane helix and two C1 domains in addition to the cat-
alytic motifs. Genes in this C1-type DGK class cluster into two
well-supportedclasses.Selaginella DGK1islocatedinsidethetree,
similarly to the evolution of the C2-PLDs. Surprisingly, we have
notfoundaC1-typeDGKinthegenomeof Physcomitrellapatens.
The second subfamily of DGKs contains just the catalytic motifs
and is more expanded than the C1-type DGK. This subfamily
also forms two classes but generally with much more clear rela-
tionshipsfollowingorganismalevolution,withPhyscomitrella and
Selaginella DGKs forming the basal branches of the evolutionary
tree (Figure 1B).
Plant canonical LPPs form a small-size family of very highly
conserved genes (Figure 1C). Generally, LPP phylogeny follows
plantevolution,withmanyindependentduplicationsandlossesin
differentspecies.WefoundﬁveLPP-encodinggenesinthegenome
of Physcomitrella,which forms the base of the phylogenetic tree of
plant LPPs together with three genes from Selaginella.H o w e v e r ,
the relationship between these basal clades is not clear because of
a lack of statistical support. Four Arabidopsis LPP genes cluster
into two separate clades together with other investigated eudicots
A
BC
FIGURE1|P h ylogenetic analysis of plant PLDs (A), DGKs (B), and LPPs
(C). All trees represent the protein maximum likelihood (ML) phylogeny of
particular genes. Numbers at nodes correspond to the approximate
likelihood ratio test with the SH-like (Shimodaira–Hasegawa-like) support
from ML (top) and posterior probabilities from Bayesian analysis (bottom).
Missing values indicate support below 50%, a dash indicates that a
different topology was inferred by Bayesian analysis. Circles represent
100% support by both methods. Branches were collapsed if the inferred
topology was not supported by both methods.The tree in (A) was rooted
using human PLD1 as an outgroup; the trees in (B) and (C) were rooted
using human DGKε and yeast LPP1, respectively. Scale bars indicating the
rates of substitutions/site are shown in corresponding trees. Species
abbreviations: Atha, Arabidopsis thaliana; Mtru, Medicago truncatula; Osat,
Oryza sativa; Ppat, Physcomitrella patens; Ptri, Populus trichocarpa; Smoe,
Selaginella moellendorfﬁi; Sbic, Sorghum bicolor.
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LPP genes including Populus and Medicago. Monocot genes also
form two clades, one with a high statistical support and another
one with unresolved relationship to other sequences.
EXPRESSION ANALYSIS OF ARABIDOPSIS GENES ENCODING PLDs,
DGKs, AND LPPs
Given that our work focuses on the role of PA in the regula-
tion of pollen tube growth, we were interested in the expression
levels of genes coding for PLD, DGK, and LPP in various plant
organs as well as pollen. We used the Genevestigator tool1 to
obtain these data for Arabidopsis (Figure 2A). Intriguingly, most
of the genes coding for DGK and LPP are strongly expressed in
pollen, and two genes, DGK4 and LPP4, appear to be pollen-
speciﬁc. Although only a half of the genes from the PLD family
are expressed in pollen,four genes are strongly expressed. PLDα2,
β1, and δ are almost exclusively present in pollen and PLDξ1 is
widely expressed throughout all studied organs. Similar observa-
tions can be drawn from the analysis of rice pollen transcriptome
(Wei et al., 2010). Furthermore, the available pollen proteomic
data show very good agreement between PLD, DGK, and LPP
genes transcribed in pollen and the presence of translated pro-
teins(Figure2B).Together,thesedataindicatepossiblefunctional
conservation of these genes in ﬂowering plants. This is also cor-
roborated by our previous ﬁnding showing a similar pattern of
expression of C2-PLDs in tobacco (Pleskot et al.,2010).
PHARMACOLOGICAL MANIPULATION OF PA LEVELS SHOWS THE
INVOLVEMENT OF PLD, DGK, AND LPP PATHWAYS IN POLLEN TUBE TIP
GROWTH
The discovery of PA as a signaling molecule that controls polar
expansion of pollen tubes (Potocký et al., 2003) rises the ques-
tion of the potential target(s) of PA action.We employed available
inhibitorsof thekeyenzymesinPAproduction/degradationpath-
ways to study potential distinct PA signaling pools and their likely
targets. We used n-ButOH as an inhibitor of PLD-produced PA,
R59022asaninhibitorof DGK,andNEM,PG,andpropranololas
inhibitors of PA phosphatase activity. Initially, we were interested
if theseinhibitorshaveaneffectonpollentubegrowth.Identically
to our previous results (Potocký et al., 2003), we observed that n-
ButOH inhibited pollen tube growth in concentration-dependent
manner. Similarly, we found a strong, concentration-dependent
inhibition of tobacco pollen tube growth after application of the
DGK inhibitor R59022. Even the lowest concentration of R59022
(25μM) caused a dramatic inhibition of pollen tube growth to
approximately 30% of that in controls (Figure 3A). In striking
contrast, applications of the various LPP inhibitors promoted
the growth of the pollen tubes (Figures 3B–D), similarly to the
promontory effect of exogenously added PA that we showed pre-
viously (Potocký et al.,2003). Furthermore,a short pre-treatment
of pollentubeswitheitherPGorNEMcounteractedgrowtharrest
mediated by n-ButOH (data not shown).
In subsequent experiments, we used 0.5% n-ButOH, 50μM
R59022, 50μM dioctanoyl-PA, and 50nM NEM. For all exper-
iments, additional control treatments with 0.5% t-ButOH or
1www.genevestigator.ethz.ch
DMSO were performed. Since they were indistinguishable from
cellstreatedwithmediumalone,forthesakeofbrevity,weomitted
them from the ﬁgures.
REDUCTION IN PA LEVEL DISRUPTS MEMBRANE TRAFFICKING BUT
NOT EARLY ENDOCYTOSIS
Given that for tip-growing cells vesicular trafﬁc is crucial for the
delivery of cell wall-building material to the apex, we tested the
effect of inhibitors of PA signaling on this process. We employed
the amphiphilic styryl dye FM1-43,which has been used success-
fully to monitor endo- and exocytosis in Lilium and Agapanthus
pollen tubes (Parton et al.,2001;Camacho and Malhó,2003). The
FM1-43stainingpatternincontroltobaccopollentubeswasstrik-
ingly similar to the reported images, indicating that the FM1-43
dye is suitable for monitoring endomembrane trafﬁcking in our
experiments (Figure 4).
To test the involvement of PA turnover in early endocytosis,we
examined the effect of n-ButOH, R59022, and NEM on internal-
ization of FM1-43. After 10min incubation with 2μM FM1-43
on ice, ﬂuorescent signal was located uniformly along the pollen
tube plasma membrane (data not shown). Regardless of treat-
ment, we have not observed any difference in internalization of
FM1-43duringtheﬁrst1.5min,whenalmostimmediatelymobile
intracellular spots, presumably representing components of early
endosomal machinery, started to appear in the subapical region
(Figure 4A). In control cells, the dye was initially localized to
A
B
FIGURE 2 | Expression analysis ofArabidopsis genes encoding PLDs,
DGKs, and LPPs. (A) Expression data for selected genes for speciﬁc
organs were retrieved from Genevestigator (www.genevestigator.ethz.ch).
Scale bar at the bottom of the ﬁgure indicates relative levels of expression
potential. (B) Presence of PLD, DGK, and LPP proteins in mature pollen
based on the study of Grobei et al. (2009).
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CD
FIGURE 3 |The DGK inhibitor R59022 inhibits pollen tube growth,
whereas the LPP inhibitors NEM, PG, and propranolol promote pollen
tube growth. Pollen tubes were incubated for 90min in germination medium
supplemented with speciﬁed concentrations of R59022 (A), NEM (B),P G(C),
and propranolol (D).The pollen tubes were then ﬁxed with 3.7%
formaldehyde and the length of pollen tubes was measured. At least 120 cells
were measured for each treatment in two independent experiments. Data
represent the average pollen tube length±SEM. Signiﬁcant difference from
the control samples is indicated by an asterisk (ANOVA, Kruskal–Wallis test,
p<0.05).
endocytic compartments, although an inverted-cone-like stain-
ing pattern, presumably consisting of endo- and exocytic vesicles,
was formed at the cell tip within 20min. A similar pattern was
observed in cells treated with NEM or PA. In contrast, pollen
tubes treated with either n-ButOH or R59022 never formed an
inverted-cone,butinsteadtheFM1-43dyeaccumulatedalongthe
sides of the tube in the subapical region about 10–15μmb a c k
fromthecelltip.Thispatternbecameevenmorepronouncedover
time. Interestingly, this pattern corresponds to the zone of max-
imal clathrin-coated endocytosis as described by Derksen et al.
(1995) and Moscatelli et al. (2007).
We also tested the involvement of PA signaling in intracellular
membrane trafﬁcking after an extended FM1-43 staining, which
also labels exocytotic events (Zonia and Munnik, 2008). The cells
were ﬁrst incubated with FM1-43 for 90min and then treated
with a drug for 10min, after which the distribution of the signal
was examined (Figure 4B). In this case, we again saw no differ-
ence between control cells and application of either NEM or PA.
However, both n-ButOH and R59022 again caused the loss of the
inverted-cone and accumulation of the dye along the sides of the
tube in the subapical region.
SUPPRESSION OF PA SIGNALING ALTERS THE DEPOSITION OF
PECTINS AND CALLOSE AT THE CELL WALL
Since the modulation of PA levels resulted in profound changes
in membrane trafﬁcking, and given the ﬁnding that the cell wall
at the growing tip is mainly formed by secreted pectins (Geit-
mann and Steer, 2006), we employed the Ruthenium red dye
(Ischebeck et al., 2008) to study the effect of inhibitors of PA
signaling on the deposition of pectins. In control cells, Ruthe-
nium red labeled strongly the very tip (Figure5A). In cells treated
with NEM and PA, there was an increase in the intensity of the
apical signal (Figures 5A,B), suggesting an enhanced secretion
of pectins after PA elevation. In contrast, n-ButOH and R59022
caused a complete loss of the apical signal. Moreover, in the
case of R59022, we consistently found large punctuate structures
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AB
FIGURE 4 |The PLD antagonist n-ButOH and DGK inhibitor R59022
disrupt internalization of the endomembrane tracer dye FM1-43. (A)
Ninety-minute-old pollen tubes were pre-incubated in germination medium
on ice for 10min, and 2μM FM1-43 dye together with a particular drug or
PA were then simultaneously added and the cells monitored for 30min.
Representative pollen tubes observed at two times are shown. (B)
Alternatively, pollen tubes were incubated in germination medium
containing 2μM FM1-43 for 90min, a particular drug or PA were then
added for 10min and the cells were observed with a confocal microscope.
At least 15 cells were analyzed for each treatment in four independent
experiments and typical examples are shown. Scale bar=10 μm.
with a pectin-positive signal in the cytoplasm throughout the
whole cell.
Unlikepectins,calloseisapolysaccharidesynthesizedbycallose
synthase present in the plasma membrane. The activity of callose
synthase is located in the subapical region and extends back to the
shank of the pollen tube (Geitmann and Steer,2006). To visualize
callose,weemployedAnilinebluestaining(Ischebecketal.,2008).
Controlcellsshowedasignalcorrespondingtothedescribedlocal-
izationof callosesynthase.Wehaveneverseencallosesignalatthe
very tip of the pollen tube. We found a similar pattern after treat-
ments with R59022, NEM, or PA. However, we often observed a
protrusion of callose staining toward the apex in cells treated with
n-ButOH (Figures 5A,B).
INHIBITION OF DGK CHANGES VACUOLAR DYNAMICS AND
MORPHOLOGY IN TOBACCO POLLEN TUBES
Signaling phospholipids were previously proposed to play a role
in the maintenance of endomembrane integrity including vac-
uoles(Yamamotoetal.,1995).Wethereforeexaminedthepotential
role of PA signaling in vacuolar dynamics and morphology in the
tobacco pollen tube.After applying the recently described ﬂuores-
centvacuolarmarkercarboxy-DCFDA,whichwasusedforstudies
of lily pollen tubes (Lovy-Wheeler et al., 2007), we observed ﬁne,
dynamic, thread-like vacuolar strands distributed throughout the
shank of the tobacco pollen tube (Figure 6), an architecture sim-
ilar to that described for lily. Similar patterns were seen in cells
treated with NEM and PA. In case of n-ButOH we again saw
A
B
FIGURE 5 |The altering of the PA levels affects the deposition of cell
wall material. (A) Ninety-minute-old pollen tubes were stained with
Ruthenium red dye for pectins or with Aniline blue for callose.Triangles
mark the callose-free region. (B)The effects of altering the PA levels on
pectin and callose deposition were quantiﬁed by ImageJ software. At least
16 cells were analyzed for each treatment in three independent
experiments. Signiﬁcant difference from the control samples is indicated by
an asterisk (ANOVA,Tukey–Kramer test, p<0.05). Scale bar=10 μm.
vacuolar thread-like strands but these strands protruded to the
apicalregion,whichwehavenotseeninthecontrols.Intriguingly,
R59022causedadramaticchangeinthevacuolemorphology,with
the vacuolar strands aggregated and protruding toward the apex.
The vacuolar aggregates were also visible in the light microscope
using Nomarski optics.
ACTIN POLYMERIZATION IS SPECIFICALLY REGULATED BY
PLD-DERIVED PA
We previously identiﬁed a relationship between actin microﬁla-
ments and PLD-formed PA, and described a direct interaction
betweenactinandtobaccoPLDβ1,whichisspeciﬁcforthisprocess
(Pleskot et al., 2010). To examine a putative involvement of the
PLC/DGK pathway in the regulation of actin dynamics, here we
treated pollen tubes with PLD,DGK,and LPP inhibitors and then
visualized the actin cytoskeleton by Alexa Fluor 633 Phalloidin
labeling according to Pleskot et al. (2010). Control cells exhib-
ited long actin cables oriented longitudinally in the shank and a
fringe-like structure in the subapical region (Figure 7), similar to
published observations (Lovy-Wheeler et al., 2005; Pleskot et al.,
2010). Treatment with 0.5% n-ButOH for 20min, however, led
to a dramatic disintegration of actin ﬁlaments (Figure 7; Pleskot
et al., 2010); the effect of n-ButOH was very fast, causing distinct
actin disruption already within 5min of application. Treatment
with R59022 for 20min did not affect actin organization. Appli-
cation of NEM often increased the intensity of the actin signal,
similarly to the effect of applied PA (Pleskot et al.,2010).
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FIGURE 6 | Pharmacological inhibition of DGK causes changes in
vacuolar morphology. Ninety-minute-old pollen tubes were stained with
the vacuolar marker 1μM carboxy-DCFDA for 5min and then transferred
either to a control medium or media containing a particular drug or PA for
15min. Subsequently, the pollen tubes were imaged with a confocal
microscope. At least 20 cells were analyzed for each treatment in four
independent experiments and typical examples are shown. Scale
bar=10 μm.
PLD INHIBITION AFFECTS POLLEN TUBE CYTO-ARCHITECTURE AND
INTRACELLULAR DYNAMICS
It has been suggested that the spatio-temporal ﬂow of secretory
vesicles in tip-growing pollen tubes is regulated by tightly tuned
actin dynamics and organization (Kroeger et al., 2009). Since we
havedemonstratedtheroleof PLD-derivedPAintheregulationof
actin polymerization,our next step was to investigate the connec-
tionbetweenPLD-derivedPAandparticlemovementinthegrow-
ingtip.Tostudythisinrealtime,weusedvideo-enhancedcontrast
microscopy (Oveˇ cka et al.,2008). In control tobacco pollen tubes,
we observed the typical cyto-architecture with a V-shaped tip
region ∼4μm long and free of larger organelles (Figure 8A).
Most of this clear-zone was ﬁlled with rapidly moving particles
whichwerehardlydiscernibleonstillimages.Themotionoflarger
organelles was slower and displayed typical reverse fountain-like
movement.
FIGURE 7 | PLD-derived PA is speciﬁcally involved in the regulation of
the actin dynamics. Pollen tube cultures (90min after imbibition in sucrose
medium) were treated with a particular drug, PA or the corresponding
volume of control solution for 5 or 20min before ﬁxation.The actin
cytoskeleton was visualized by Alexa Fluor 633 Phalloidin as described in
Pleskot et al. (2010). At least 20 cells were analyzed for each treatment in
three independent experiments and typical examples are shown. Scale
bar=10 μm.
Intriguingly, when the cells were supplied with medium alone,
within 4min after addition we routinely observed rapid, partial
loss of the pollen tube polarity. This depolarization was transient
and lasted for only ∼4–6min. Typically, the pollen tube under-
went partial swelling, followed by a period of slower growth and
then normal tip polarity and growth rate resumed, occasionally
establishing a new growth direction. Similar behavior was some-
times observed also in cells without any treatment,indicating that
mechanical stress caused by transfer of pollen tubes from cul-
ture to microscope slide was the likely source of the transient
depolarization.
In striking contrast, addition of the PLD inhibitor n-ButOH
did not invoke cell depolarization but instead resulted in rapid
retardation and eventually a complete stop of pollen tube growth
(Figures 8A,B). The clear-zone gradually diminished and the
largerorganellesinvadedthetipregion.Itisnoteworthythatcyto-
plasmic streaming continued in n-ButOH-treated pollen tubes in
a manner indistinguishable from streaming in controls. A similar
pattern of growth cessation was seen after the addition of R59022
(Figure 8B and data not shown).
The addition of 50μM PA swiftly boosted the elongation of
tobacco pollen tubes, suggesting an almost instant effect of PA on
elongation rates (Figures 8A,B). We were unable to image pollen
tubes earlier than 2min after the treatment because of techni-
caldifﬁcultieswhenattemptingexperimentswithdirectperfusion
of PA into pollen tubes. Interestingly, unlike control cells, pollen
tubestreatedwithPAdidnotundergothetransientdepolarization
seen in the controls and maintained an undisturbed morphology,
suggesting that elevated concentration of PA somehow protected
the cell from stress-induced depolarization.
Having established the existence of rapid changes in the clear-
zone after n-ButOH or PA treatments, we then attempted to
analyze the intracellular movement of particles in the apical zone.
In control cells, the particles moved with average velocities of
∼2.5μm/s (Figure 9A). This value is close to the results obtained
for Picea pollen tubes (Wang et al., 2006) and tobacco root hairs
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(Šamajetal.,2002).Themovementratesincontrolcellsremained
constantduringtheexperiment.Wewereunabletodistinguishany
prevalentdirectionofparticlemovement,whichwouldrequirethe
collection of a large amount of data to form a clear conclusion.
In contrast to control cells, addition of either 0.5% n-ButOH or
50μM PA caused signiﬁcant changes in the dynamics of parti-
cles at the tip. PLD inhibition caused progressive slowing-down
of movement of the particles, which often resembled random
oscillations. On the other hand, addition of PA resulted in fast
acceleration of the tip-localized particles within 2min, reaching
an average velocity of 3.2μm/s. This effect was restricted to the
apical region; when we measured velocities of the large organelles
in the shank we did not see any effect (Figure 9B). Collectively,
thesedatasuggestthatmanipulatingPLD-derivedPAlevelsaffects
the growth rate of the pollen tube by regulating the dynamics of
the particles in the apex.
A
B
FIGURE 8 |Alterations in PA levels in tobacco pollen tubes result in
changes in the growth and architecture of the cell. (A)Time-series
analysis of pollen tubes treated with n-ButOH or PA by video-enhanced
contrast microscopy. Ninety-minute-old cells were treated with 0.5%
n-ButOH, 50μM PA, or control medium and imaged after indicated times.
The image ﬁeld for control cells had to be shifted after 8min of imaging and
the starting position of the pollen tube tip after the shift is marked. At least
six pollen tubes were imaged for each treatment and representative
pictures are shown. (B) Growth rates of cells after treatments with
n-ButOH, R59022 or PA. Data points represent the mean values of at least
six pollen tubes±SEM. Signiﬁcant difference from the control samples is
indicated by an asterisk (ANOVA,Tukey–Kramer test, p<0.05). Scale
bar=5μm.
Complementary to the analysis of living cells, we examined
the effect of PLD inhibition on pollen tubes at ultrastructural
level. Although the ideal method for ﬁxation of highly dynamic
cells would be freeze ﬁxation/substitution, unfortunately pollen
tubes incubated with primary or tertiary alcohols necessary for
the procedure showed burst tips. We therefore used the tradi-
tional, albeit more artifact-prone chemical ﬁxation. Nevertheless,
Figure10showsthatcontrolsamplesdisplayallcharacteristicfea-
tures of normally growing pollen tubes. These include the typical
shapeof theapicaldome,accumulationof secretoryvesiclesatthe
apexthatformthetypical“inverted-cone”structure,andexclusion
of larger organelles like mitochondria and Golgi bodies from the
very tip.
The ultrastructural features of cells incubated for 15min in
0.5% n-ButOH are consistent with the ﬁndings from the video-
enhancedcontrastmicroscopy.Mostnotably,thenumberofsecre-
toryvesiclesinthetipisdramaticallyreduced(Figure10B),typical
zonationof organellesinthepollentubeislost,andmitochondria
together with other big organelles are relocated to the extreme
apex. Moreover, a thickened cell wall could be observed in the tip
region of n-ButOH-inhibited cells. Recently, the ultrastructure of
Agapanthus pollen after PLD inhibition was reported (Monteiro
et al., 2005). The authors also observed loss of secretory vesicles
from the tip and bigger organelles protruding toward the apex.
In contrast, massive swelling of Agapanthus pollen tubes induced
by n-ButOH was not observed in tobacco. This discrepancy may
result from experimental differences since Monteiro et al. (2005)
used 30min incubation in 0.75% n-ButOH, or it may reﬂect
species differences.
KNOCK-DOWN OF TOBACCO POLLEN LPP GENE EXPRESSION
PROMOTES POLLEN TUBE GROWTH
Tofurtherconﬁrmtheoutcomesofthepharmacologicalapproach,
we employed antisense knock-down strategy which has been suc-
cessfully used by our group and others to speciﬁcally knock-down
A B
FIGURE 9 | Changes in particle dynamics in pollen tubes in response to
altered PA levels. (A) Analysis of particle movement in the tips of pollen
tubes treated with n-ButOH, PA, or control medium.Three pollen tubes
were selected from each treatment and the movement of individual
particles in the tip was followed for total time of 500ms in ∼80ms intervals
using the ManualTracking plugin of the ImageJ software. (B) Analysis of
movements of big organelles in the shank of the same pollen tubes as in
(A) was done after 8min. Data represent the mean values of 14–19
trajectories±SEM. Signiﬁcant difference from the control samples is
indicated by an asterisk (ANOVA,Tukey–Kramer test, p<0.05).
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A B
FIGURE 10 | PLD inhibition causes changes in the ultrastructure
of the pollen tube tip and decreases the number of secretory
vesicles.The micrographs in (A) show the ultrastructure of a control
pollen tube and a cell treated with 0.5% n-ButOH for 15min before
chemical ﬁxation. cw, cell wall; mt, mitochondrion; sv, secretory
vesicle. Scale bar=2μm. (B) Quantiﬁcation of secretory vesicles in
the tip region.Three cells were analyzed for each treatment; data
represent mean values±SEM. Signiﬁcant difference from the control
sample is indicated by an asterisk (ANOVA,Tukey–Kramer test,
p<0.05).
gene expression in pollen tubes (Moutinho et al., 2001; Sun et al.,
2005; Potocký et al., 2007; Pleskot et al., 2010). We took advan-
tage of the fact that LPP expression in Arabidopsis pollen is
restricted to the single isoform LPP4 (Figure 2) and cloned the
homologous gene from tobacco pollen.We designed speciﬁc anti-
sense oligodeoxynucleotides (ODNs) against this gene. Addition
of liposomes containing these antisense ODNs into the imbibi-
tion medium promoted pollen tube growth (Figure 11), an effect
similar to that obtained with the drug-induced inhibition of PA
phosphatase activity described above (Figures 3B–D).
DISCUSSION
In this work, we elucidated the plant-focused evolution of several
key enzymes in PA signaling, namely PLD, DGK, and LPP. Our
phylogenetic analysis revealed massive diversiﬁcation of the C2-
PLDfamilyinlandplantscomparedwithDGKorLPP.Several,not
mutuallyexclusive,hypothesesmayexplainthisunexpecteddiver-
sity in PLDs. First,independent multiplications may indicate that
numerousPLDparalogscanevolvequicklytobeengagedinmany
different signaling pathways required by the organism. The ses-
sile nature of land plants may generate such demand,and various
plant PLDs have indeed been implicated in responses to a number
of biotic and abiotic stresses. Furthermore, the more conserved
characterof thePLC/DGKpathwaycomparedwiththePLDpath-
way that can be seen in many eukaryotes (data not shown) may
indicate higher evolutionary ﬂexibility of PLDs. Second, part of
the PLD diversity in plants may be related to the demands of the
cell polarity machinery that deﬁnes geometrically distinct cellu-
lar surfaces in the context of a multicellular body that consists
of cells endowed with rather rigid cell walls. Several other genes
involved in the regulation of cell polarity, such as the subunits
of the membrane-tethering exocyst complex (Eliáš et al., 2003)
or the actin nucleators formins (Grunt et al., 2008), are found
in only one or a few copies in mammalian and yeast genomes
but are vastly expanded in plants, thus supporting this hypothe-
sis. Third, the genes coding for proteins of the PLD pathway may
be preferentially multiplicated in some organisms relative to the
gene repertoire of the PLC/DGK pathway so that the total supply
FIGURE 11 |Antisense ODNs-mediated knock-down of tobacco LPP4
promotes pollen tube growth. Pollen tubes were cultivated in the
presence of 30μM antisense or sense ODNs against tobacco LPP4 for
90min. At least 100 cells were measured for each treatment in three
independent experiments. Data show the mean growth rates of pollen
tubes±SEM.The antisense-mediated promotion of the pollen tube growth
rate is statistically signiﬁcant in comparison with controls and sense ODNs
(ANOVA, Kruskal–Wallis test, p<0.05).
of miscellaneous PA varieties for distinct signaling pathways is
balanced. Such scenario is plausible in mammals whose genomes
display much greater diversity of genes from the PLC/DGK path-
waycomparedwith“just”twoPLDisoforms(PleskotandPotocký,
in preparation).
The involvement of PLD, DGK, and LPP in cellular processes
can be investigated pharmacologically by application of several
inhibitors that affect particular enzymes. This approach is espe-
cially beneﬁcial when working with multi-gene families, of which
PLDs,DGKs,and LPPs are typical examples. Based on our results,
we speculate that one of the major targets of PLD-produced PA in
the pollen tube is the actin cytoskeleton. The fact that PA plays an
important role in the regulation of the actin cytoskeleton is fur-
ther buttressed by the effect of PA itself and the PA phosphatase
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activityinhibitorNEM.Moreover,NEMbehavedsimilarlytoPAin
all performed experiments including effects on vesicle trafﬁcking,
pectin deposition, and callose distribution. Other potential tar-
gets of PLD-derived PA may be considered. PA was implicated
in the formation of a proper Golgi structure and function in
both mammalian and plant cells (Langhans and Robinson, 2007;
Riebeling et al., 2009), exocytosis (Zeniou-Meyer et al., 2007),
and regulation of ROS production by activation of NADPH oxi-
dase (Zhang et al., 2009). In addition, PA can directly modulate
physical properties of membranes and inﬂuences membrane cur-
vature because of its conical shape (Kooijman et al., 2003, 2005).
The rapid induction of pollen tube growth and apical dynamics
(Figure 9) may be partly assigned to this mechanism. PA can also
stimulate SNARE-dependent membrane fusion in vitro (Vicogne
et al.,2006).
AlthoughZoniaandMunnik(2004)reportedthatthemajority
of PAinpollentubesisproducedviathePLDpathwayandnotthe
PLC/DGKpathway,theinvolvementof thePLC/DGKpathwayfor
pollen tube elongation has not been previously tested. Recently,
PLCactivitywasdescribedtobearequisiteforpollentubegrowth
(Panetal.,2005;Dowdetal.,2006;Hellingetal.,2006).Ourresults
suggest that DGK is also involved in the regulation of tip growth.
Weobservedastronginhibitionof pollentubegrowthinresponse
to treatment by the DGK inhibitor R59022. We labeled different
cellular structures after treatment by n-ButOH and R59022 in
order to ﬁnd potential targets of distinct PA pools formed by PLD
or DGK, respectively. We found the effect of R59022 on vacuolar
morphology,whichisspeciﬁcforthisDGKinhibitor.Vacuolesare
crucial for the proper maintenance of turgor pressure and indi-
rectlyforpollentubegrowth(Winshipetal.,2010).Thechangein
the vacuole dynamics could cause cessation of growth and other
phenotypes (see FM 1-43 staining, Ruthenium red staining) visi-
bleaftertreatmentbyR59022.Anotherpossibleexplanationisthat
DGKisimportantintheregulationof endomembranetrafﬁcking.
We observed non-impaired endocytosis after DGK inhibition, so
it is plausible to hypothesize that further steps in the endosomal
pathway are affected.A similar effect was described for the inhibi-
tion of phosphatidylinositol 3-kinase in the Arabidopsis root hairs
(Lee et al., 2008). Also for animal cells, the involvement of several
DGK isoforms in both clathrin-dependent endocytosis and endo-
cytoticrecyclinghasbeendescribed(Rincónetal.,2007;Kawasaki
et al.,2008).
Inhibitionof PAproductioninpollentubesresultedinrelocal-
ization of FM1-43 staining pattern into a funnel-like structure
overlapping with the proposed zone for maximal endocytosis
(Figure 4; also Derksen et al., 1995). However, early endocyto-
sis of FM dyes into pollen tubes could not be completely stopped
evenwithhighconcentrationsof eithern-ButOHorR59022.Sim-
ilar results were described by Li and Xue (2007) who observed
slower (but not stopped) endocytosis in Arabidopsis roots after
PLD inhibition. Two explanations are possible. Either the residual
amount of PA that is formed in n-ButOH/R59022-inhibited cells
is sufﬁcient for internalization or PA is not absolutely required
fortheﬁrststepof endocytosis.Nevertheless,theresultsdescribed
indicate that membrane cycling is disturbed in pollen tubes with
inhibited PA production. Interestingly, the FM1-43 staining pat-
tern after n-ButOH treatment is strikingly different from patterns
invoked by brefeldin A, cytochalasin D, latrunculin B, or sodium
azideinpollentubesand/orroothairs(Partonetal.,2001;Oveˇ cka
et al., 2005), indicating that some PLD or DGK isoform(s) may
function in distinct recycling steps.
Experiments with inhibitors targeting LPP genes strongly sug-
gesttheinvolvementof theLPPisoforminthenegativeregulation
of PA signaling in growing pollen tubes. This hypothesis was
further tested by knock-down of the tobacco LPP4 by antisense
ODNs, although it remains unclear if the pollen-selective LPP4
activity is speciﬁc to PA or to DGPP.
Insummary,ourresultsclearlydemonstratestrikinglydifferent
roles of PA produced by PLDs and DGKs in pollen tube growth.
WespeculatethatPAproducedbyPLDismoreinvolvedinthepro-
duction of the exocytotic vesicles,their delivery to the pollen tube
apex and their fusion with the plasma membrane. On the other
hand, changes in the vacuole morphology and the appearance of
pectin-containingpunctuatecompartmentsaftertheinhibitionof
DGKsuggesttheinvolvementofPAproducedbyDGKintheendo-
cytotic processes. To address these hypotheses further, molecular
studies on individual PA signaling genes will be necessary.
MATERIALS AND METHODS
PHYLOGENETIC ANALYSIS
Eukaryotic PLD,DGK,and LPP protein sequences were identiﬁed
by gapped BLAST or PSI-BLAST (Altschul et al., 1997) search-
ing against the non-redundant protein database at the National
Center for Biotechnology Information2 using Arabidopsis anno-
tated sequences with default settings. In addition, blast searches
were conducted via Phytozome website3. In most cases,the search
parameters were set at the default values; however, occasionally,
modiﬁcations were used (word size 2, scoring matrix BLOSUM-
45). We used AtPLDα1, AtDGK1, and AtLPP1 as input queries.
Putative genes were initially identiﬁed based on the automatic
annotation at the aforementioned databases. Since gene models
based on computer annotations often contain errors,exon-intron
structures were manually curated using SoftBerry server4 with the
aidof experimentallyveriﬁedsequencesorsequencesfromclosely
related species.
Multiple alignments were constructed with mafft algorithms
in einsi mode (Katoh and Toh, 2008) and manually adjusted.
Conserved sequence blocks were concatenated giving alignments
with 398 positions for PLDs, 348 positions for DGK, and 259
positions for LPPs. Maximum likelihood method using PhyML
program (Guindon and Gascuel, 2003) was employed for phy-
logeny inference with the WAG matrix, γ-corrected among-site
rate variation with four rate site categories plus a category for
invariable sites, all parameters estimated from the data. Bayesian
tree searches were performed using MrBayes 3.1 (Ronquist and
Huelsenbeck, 2003) with a WAG amino-acid model, where all
analyses were performed with four chains and 1,000,000 genera-
tionsperanalysisandtreessampledevery100generations.Allfour
runs asymptotically approached the same stationarity after ﬁrst
500,000 generations which were omitted from the ﬁnal analysis.
2http://blast.ncbi.nlm.nih.gov/Blast.cgi
3http://www.phytozome.net/
4http://linux1.softberry.com/berry.phtml
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The remaining trees were used to infer the posterior probabilities
for individual clades.
POLLEN CULTURE
Routinely, Nicotiana tabacum cv. Samsun pollen was cultured
with a density of 2mg/ml in simple sucrose medium [10% (w/v)
sucrose,0.01% (w/v) boric acid] as described previously (Potocký
et al., 2003). Unless otherwise stated, pollen tube culture 90min
after the imbibition was supplemented with various substances.
We used the ﬁnal concentrations 0.5% (v/v) of n-ButOH, 50nM
NEM (50μM stock solution in water), 50μM R59022 (25mM
stock solution in DMSO),and 50μM dioctanoyl-PA (5mM stock
solution in water). Appropriate volumes of t-ButOH, medium,
water and DMSO were used in control experiments. For confocal
microscopy, pollen was cultivated on the rich medium solidiﬁed
with 0.25% (w/v) phytagel according to Kost et al. (1998).
FM 1-43 LABELING, VACUOLE, PECTIN AND CALLOSE STAINING, ACTIN
LABELING
Tobacco pollen tubes were labeled with endocytic marker FM1-
43 (Molecular Probes). After 90min of cultivation, pollen tubes
wereputoniceandafter ∼10minFM1-43dyeatﬁnalconcentra-
tion 2μM was simultaneously added with the inhibitors, PA, or
control solutions into the germination medium. In an alternative
arrangement of the experiment, pollen tubes were cultivated in
a medium containing FM1-43 for 90min, followed by treatment
with particular inhibitor for 10min. Imaging was done on Zeiss
LSM 5 DUO confocal laser scanning microscope using the Zeiss
C-Apochromat 340/1.2 water corrected objective. A 489nm laser
line and a 505nm long-pass emission ﬁlter were used for FM1-43
imaging.
Vacuoles were labeled according to Lovy-Wheeler et al. (2007)
with carboxy-(5-(and-6)-carboxy-2 ,7 -dichloroﬂuorescein diac-
etate) (carboxy-DCFDA) and imaging was performed on Zeiss
LSM 5 DUO confocal laser scanning microscope using the Zeiss
C-Apochromat 340/1.2 water corrected objective. A 489nm laser
line and a 505–550nm band-pass emission ﬁlter were used for
carboxy-DCFDA imaging.
Pectin and callose were visualized according to Ischebeck et al.
(2008). Actin cytoskeleton was labeled by the method described
previously(Lovy-Wheeleretal.,2005;Pleskotetal.,2010).Imaging
was done on Olympus BX-51 microscope.
VIDEO-ENHANCED CONTRAST MICROSCOPY AND TRANSMISSION
ELECTRON MICROSCOPY
Video microscopy was performed as described by Foissner et al.
(1996). Brieﬂy, the brightﬁeld image from a Univar microscope
(Reichert-Leica, Austria) equipped with a 40× planapo objective
was collected with a high-resolution video camera (Chalnicon
C 1000.1, Hamamatsu, Germany), processed by a digital image
processor (DVS 3000, Hamamatsu Germany), and recorded on
digitalvideotape(JVC).SequenceswerethenconvertedtorawAVI
movies using Adobe software and analyzed with ImageJ software.
Fortransmissionelectronmicroscopy,50-to80-min-oldpollen
tubes were ﬁxed in 2% glutaraldehyde in 0.05M PIPES buffer at
pH 7.2 containing 5mM MgSO4 and 5mM EGTA for 1h at room
temperature,followedbypost-ﬁxationin1%(w/v)OsO4inwater.
Samples were dehydrated in ethanol and propylene oxide and
embedded in Spurr’s resin. For transmission electron microscopy,
thin sections were post-stained with uranyl acetate and lead cit-
rate according to standard procedures and viewed with a JEOL
JEM 100CX II transmission electron microscope.
CLONING OF TOBACCO LPP HOMOLOG, DESIGN OF ANTISENSE ODNs
AND DELIVERY INTO GROWING POLLEN TUBES
Total RNA from N. tabacum cv. Samsun pollen tubes was
isolated using an RNeasy kit (Qiagen) and transcribed to
cDNA using Transcriptor High Fidelity cDNA Synthesis Kit
(Roche Applied Sciences) with 2.5μg RNA and oligo(dT)
primers according to the manufacturer’s instructions. Tobacco
pollen LPP4 cds was ampliﬁed using Phusion DNA poly-
merase (Finnzymes) and degenerated primers forward, AGT-
GAATTCRATGCCGGAAATAGAATTTGG; reverse, ATTCTC-
GAGTTACACWGTGTCMATTSYTACTG. The PCR product mix
was then cloned into pJET1.2 cloning vector (Fermentas) accord-
ing to the manufacturer’s instructions and sequenced. Cloned
NtLPP4 sequence was deposited to GenBank database under the
accession number JQ627633. DNA sequence of NtLPP4 was ana-
lyzedusingSoligosoftware5forsuitabletargetregionsforantisense
ODNs. The two best-scoring antisense ODNs and correspond-
ing sense control ODNs were synthesized with phosphorothioate
modiﬁcations at both the 5  and 3  ends (four bases modiﬁed at
each end). ODN/cytofectin complexes were prepared as described
previously (Moutinho et al., 2001), and the pre-mix was added
to the growth medium. Two antisense/sense ODNs pairs were
testedfortheireffectontobaccopollentubegrowth,andthemore
effective pair was used for further experiments.
ACKNOWLEDGMENTS
This work was supported by the Grant Agency of the Academy
of Sciences of the Czech Republic (GAAV project IAA601110916)
and the Czech Ministry of Education, Youth and Sports (MSMT
project 0021620858 and MSMT Research Centre LC06034). The
authors express their thanks to the developers of Linux operation
systemandotheropen-sourcesoftwareusedinpreparationof this
study,particularly Bibus,Gimp,Gnumeric,ImageJ,and Inkscape.
5http://sfold.wadsworth.org/soligo.pl
REFERENCES
Altschul, S. F., Madden, T. L., Schäf-
fer, A. A., Zhang, J., Zhang, Z.,
Miller,W.,and Lipman,D. J. (1997).
Gapped BLAST and PSI-BLAST: a
new generation of protein database
search programs. Nucleic Acids Res.
25, 3389–3402.
Arisz, S. A., and Munnik, T. (2011).
Thesaltstress-inducedLPAresponse
in Chlamydomonas is produced via
PLA2 hydrolysis of DGK-generated
phosphatidic acid. J. Lipid Res. 52,
2012–2020.
Arisz, S. A., Testerink, C., and Munnik,
T. (2009). Plant PA signaling via
diacylglycerol kinase. Biochim. Bio-
phys. Acta 1791, 869–875.
Bargmann, B. O. R., and Munnik, T.
(2006). The role of phospholipase D
inplantstressresponses.Curr.Opin.
Plant Biol. 9, 515–522.
Camacho, L., and Malhó, R. (2003).
Endo/exocytosis in the pollen tube
apex is differentially regulated by
Ca2+ and GTPases. J. Exp. Bot. 54,
83–92.
Derksen, J. Rutten, T., Lichtscheidl,
I. K., Dewin, A. H. N., Pier-
son, E. S., and Rongen, G. (1995).
Quantitative-analysis of the distrib-
utionof organellesintobaccopollen
www.frontiersin.org March 2012 | Volume 3 | Article 54 | 11Pleskot et al. Phosphatidic acid in pollen tube growth
tubes – implications for exocytosis
and endocytosis. Protoplasma 188,
267–276.
Donkor, J., Sariahmetoglu, M., Dewald,
J., Brindley, D. N., and Reue,
K. (2007). Three mammalian lip-
ins act as phosphatidate phos-
phatases with distinct tissue expres-
sion patterns. J. Biol. Chem. 282,
3450–3457.
Dowd, P. E., Coursol, S., Skirpan, A. L.,
Kao, T., and Gilroy, S. (2006). Petu-
nia phospholipase C1 is involved in
pollen tube growth. Plant Cell 18,
1438–1453.
Eliáš, M., Drdová, E., Žiak, D.,
Bavlnka, B., Hála, M., Cvrcková,
F., Soukupova, H., and Žárský,
V. (2003). The exocyst com-
plex in plants. Cell Biol. Int. 27,
199–201.
Eliáš, M., Potocký, M., Cvrˇ cková, F.,
and Žárský, V. (2002). Molecular
diversity of phospholipase D in
angiosperms. BMC Genomics 3, 2.
doi:10.1186/1471-2164-3-2
Ella, K. M., Meier, K. E., Kumar,
A., Zhang, Y., and Meier, G. P.
(1997). Utilization of alcohols by
plant and mammalian phospholi-
pase D. Biochem. Mol. Biol. Int. 41,
715–724.
Foissner, I., Lichtscheidl, I. K., and
Wasteneys, G. O. (1996). Actin-
based vesicle dynamics and exocy-
tosis during wound wall formation
in characean internodal cells. Cell
Motil. Cytoskeleton 35, 35–48.
Furneisen, J. M., and Carman, G.
M. (2000). Enzymological proper-
tiesof theLPP1-encodedlipidphos-
phatase from Saccharomyces cere-
visiae. Biochim. Biophys. Acta 1484,
71–82.
Geitmann, A., and Steer, M. (2006).
“The architecture and properties of
the pollen tube cell wall,” in The
Pollen Tube, ed. R. Malhó (Berlin:
Springer), 177–200.
Gómez-Merino, F. C., Arana-Ceballos,
F. A., Trejo-Téllez, L. I., Skirycz,
A., Brearley, C. A., Dörmann, P.,
and Mueller-Roeber, B. (2005).
Arabidopsis AtDGK7, the small-
est member of plant diacylglyc-
erolkinases(DGKs),displaysunique
biochemical features and saturates
at low substrate concentration: the
DGK inhibitor R59022 differentially
affects AtDGK2 and AtDGK7 activ-
ity in vitro and alters plant growth
anddevelopment.J.Biol.Chem.280,
34888–34899.
Gómez-Merino, F. C., Brearley, C. A.,
Ornatowska, M., Abdel-Haliem, M.
E.F.,Zanor,M.,andMueller-Roeber,
B. (2004). AtDGK2, a novel dia-
cylglycerol kinase from Arabidopsis
thaliana, phosphorylates 1-stearoyl-
2-arachidonoyl-sn-glycerol and 1,2-
dioleoyl-sn-glycerol and exhibits
cold-inducible gene expression. J.
Biol. Chem. 279, 8230–8241.
Grobei, M. A., Qeli, E., Brunner, E.,
Rehrauer, H., Zhang, R., Roschitzki,
B., Basler, K., Ahrens, C. H., and
Grossniklaus, U. (2009). Determin-
istic protein inference for shot-
gun proteomics data provides new
insights into Arabidopsis pollen
development and function. Genome
Res. 19, 1786–1800.
Grunt, M., Žárský, V., and Cvrˇ cková,
F. (2008). Roots of angiosperm
formins: the evolutionary history
of plant FH2 domain-containing
proteins. BMC Evol. Biol. 8, 115.
doi:10.1186/1471-2148-8-115
Guindon, S., and Gascuel, O. (2003).
A simple, fast, and accurate algo-
rithm to estimate large phylogenies
by maximum likelihood. Syst. Biol.
52, 696–704.
Helling, D., Possart, A., Cottier, S.,
Klahre, U., and Kost, B. (2006).
Pollen tube tip growth depends
on plasma membrane polarization
mediated by tobacco PLC3 activity
and endocytic membrane recycling.
Plant Cell 18, 3519–3534.
Ischebeck, T., Stenzel, I., and
Heilmann, I. (2008). Type B
phosphatidylinositol-4-phosphate
5-kinases mediate Arabidopsis and
Nicotiana tabacum pollen tube
growth by regulating apical pectin
secretion. Plant Cell 20, 3312–3330.
Katoh, K., and Toh, H. (2008). Recent
developments in the MAFFT mul-
tiple sequence alignment program.
Brief. Bioinform. 9, 286–298.
Kawasaki,T.,Kobayashi,T.,Ueyama,T.,
Shirai,Y., and Saito, N. (2008). Reg-
ulationof clathrin-dependentendo-
cytosisbydiacylglycerolkinasedelta:
importance of kinase activity and
binding to AP2alpha. Biochem. J.
409, 471–479.
Kooijman, E. E., Chupin, V., de Kruijff,
B.,andBurger,K.N.J.(2003).Mod-
ulation of membrane curvature by
phosphatidic acid and lysophospha-
tidic acid. Trafﬁc 4, 162–174.
Kooijman, E. E., Chupin, V., Fuller,
N. L., Kozlov, M. M., de Kruijff,
B., Burger, K. N. J., and Rand, P.
R. (2005). Spontaneous curvature
of phosphatidic acid and lysophos-
phatidic acid. Biochemistry 44,
2097–2102.
Kooijman, E. E., and Testerink,
C. (2010). “Phosphatidic acid:
an electrostatic/hydrogen-bond
switch?”in Lipid Signaling in Plants,
ed. T. Munnik (Berlin: Springer),
203–222.
Kost, B., Spielhofer, P., and Chua,
N. H. (1998). A GFP-mouse talin
fusion protein labels plant actin ﬁl-
aments in vivo and visualizes the
actin cytoskeleton in growing pollen
tubes. Plant J. 16, 393–401.
Kroeger, J. H., Daher, F. B., Grant, M.,
and Geitmann, A. (2009). Microﬁl-
ament orientation constrains vesi-
cle ﬂow and spatial distribution in
growing pollen tubes. Biophys. J. 97,
1822–1831.
Langhans, M., and Robinson, D. G.
(2007). 1-Butanol targets the Golgi
apparatus in tobacco BY-2 cells, but
in a different way to Brefeldin A. J.
Exp. Bot. 58, 3439–3447.
Lee, Y., Bak, G., Choi, Y., Chuang, W.,
Cho, H., and Lee, Y. (2008). Roles
of phosphatidylinositol 3-kinase in
root hair growth. Plant Physiol. 147,
624–635.
Li, G., and Xue, H. (2007). Arabidop-
sis PLDzeta2 regulates vesicle traf-
ﬁcking and is required for auxin
response. Plant Cell 19, 281–295.
Lovy-Wheeler,A.,Cárdenas,L.,Kunkel,
J. G., and Hepler, P. K. (2007).
Differential organelle movement on
the actin cytoskeleton in lily pollen
tubes. Cell Motil. Cytoskeleton 64,
217–232.
Lovy-Wheeler,A.,Wilsen, K. L., Baskin,
T. I., and Hepler, P. K. (2005).
Enhanced ﬁxation reveals the apical
cortical fringe of actin ﬁlaments as a
consistentfeatureof thepollentube.
Planta 221, 95–104.
Malhó, R., Liu, Q., Monteiro, D.,
Rato, C., Camacho, L., and Dinis,
A. (2006). Signalling pathways
in pollen germination and tube
growth. Protoplasma 228, 21–30.
Martin, T. F. (1998). Phosphoinositide
lipids as signaling molecules: com-
monthemesforsignaltransduction,
cytoskeletal regulation, and mem-
brane trafﬁcking. A n n u .R e v .C e l l
Dev. Biol. 14, 231–264.
McDermott,M.,Wakelam,M. J. O.,and
Morris, A. J. (2004). Phospholipase
D. Biochem. Cell Biol. 82, 225–253.
Meier, K. E., Gause, K. C., Wisehart-
Johnson, A. E., Gore, A. C., Fin-
ley, E. L., Jones, L. G., Bradshaw,
C. D., McNair, A. F., and Ella,
K. M. (1998). Effects of propra-
nolol on phosphatidate phosphohy-
drolase and mitogen-activated pro-
teinkinaseactivitiesinA7r5vascular
smooth muscle cells. Cell. Signal. 10,
415–426.
Mérida,I.,Avila-Flores,A.,and Merino,
E. (2008). Diacylglycerol kinases: at
thehubof cellsignalling.Biochem.J.
409, 1–18.
Monteiro, D., Castanho Coelho, P.,
Rodrigues,C.,Camacho,L.,Quader,
H., and Malhó, R. (2005). Modula-
tion of endocytosis in pollen tube
growth by phosphoinositides and
phospholipids. Protoplasma 226,
31–38.
Moscatelli, A., Ciampolini, F.,
Rodighiero, S., Onelli, E., Cresti,
M., Santo, N., and Idilli, A. (2007).
Distinct endocytic pathways iden-
tiﬁed in tobacco pollen tubes using
charged nanogold. J. Cell. Sci. 120,
3804–3819.
Moutinho, A., Camacho, L., Haley,
A., Pais, M., Trewavas, A., and
Malhó, R. (2001). Antisense pertur-
bation of protein function in living
pollen tubes. Sex. Plant Reprod. 14,
101–104.
Nakamura, Y., Tsuchiya, M., and Ohta,
H. (2007). Plastidic phosphatidic
acidphosphatasesidentiﬁedinadis-
tinct subfamily of lipid phosphate
phosphatases with prokaryotic ori-
gin.J.Biol.Chem.282,29013–29021.
Nakamura, Y., Koizumi, R., Shui, G.,
Shimojima, M., Wenk, M. R., Ito,
T., and Ohta, H. (2009). Arabidop-
sis lipins mediate eukaryotic path-
way of lipid metabolism and cope
critically with phosphate starvation.
Proc. Natl. Acad. Sci. U.S.A. 106,
20978–20983.
Nakamura, Y., and Ohta, H. (2010).
“Phosphatidic acid phosphatases in
seed plants,” in Lipid Signaling
in Plants, ed. T. Munnik (Berlin:
Springer), 131–141.
Ohashi,Y.,Oka,A.,Rodrigues-Pousada,
R., Possenti, M., Ruberti, I., Morelli,
G., and Aoyama, T. (2003). Mod-
ulation of phospholipid signaling
by GLABRA2 in root-hair pattern
formation. Science 300, 1427–1430.
Oveˇ cka, M., Baluška, F., and
Lichtscheidl, I. (2008). Non-
invasive microscopy of tip-growing
root hairs as a tool for study of
dynamic and cytoskeleton-based
vesicle trafﬁcking. Cell Biol. Int. 32,
549–553.
Oveˇ cka, M., Lang, I., Baluška, F., Ismail,
A., Illeš, P., and Lichtscheidl, I. K.
(2005). Endocytosis and vesicle traf-
ﬁcking during tip growth of root
hairs. Protoplasma 226, 39–54.
Pan, Y., Wang, X., Ma, L., and
Sun, D. (2005). Characterization of
phosphatidylinositol-speciﬁc phos-
pholipase C (PI-PLC) from Lilium
daviddipollen.PlantCellPhysiol.46,
1657–1665.
Parton, R. M., Fischer-Parton, S.,
Watahiki, M. K., and Trewavas, A.
J. (2001). Dynamics of the apical
vesicle accumulation and the rate
of growth are related in individ-
ual pollen tubes. J. Cell Sci. 114,
2685–2695.
Frontiers in Plant Science | Plant Physiology March 2012 | Volume 3 | Article 54 | 12Pleskot et al. Phosphatidic acid in pollen tube growth
Pleskot, R., Potocký, M., Pejchar, P.,
Linek, J., Bezvoda, R., Martinec,
J., Valentová, O., Novotná, Z., and
Žárský, V. (2010). Mutual regula-
tion of plant phospholipase D and
the actin cytoskeleton. Plant J. 62,
494–507.
Potocký, M., Eliáš, M., Profotová, B.,
Novotná, Z., Valentová, O., and
Žárský,V. (2003). Phosphatidic acid
produced by phospholipase D is
required for tobacco pollen tube
growth. Planta 217, 122–130.
Potocký, M., Jones, M. A., Bezvoda, R.,
Smirnoff, N., and Žárský, V. (2007).
Reactive oxygen species produced
by NADPH oxidase are involved in
pollentubegrowth.New Phytol. 174,
742–751.
Riebeling, C., Morris,A. J., and Shields,
D. (2009). Phospholipase D in the
Golgi apparatus. Biochim. Biophys.
Acta 1791, 876–880.
Rincón, E., Santos, T., Avila-Flores,
A., Albar, J. P., Lalioti, V., Lei, C.,
Hong, W., and Mérida, I. (2007).
Proteomics identiﬁcation of sorting
nexin 27 as a diacylglycerol kinase
zeta-associated protein: new diacyl-
glycerol kinase roles in endocytic
recycling. Mol. Cell. Proteomics 6,
1073–1087.
Ronquist, F., and Huelsenbeck, J. P.
(2003). MrBayes 3: Bayesian phylo-
geneticinferenceundermixedmod-
els. Bioinformatics 19, 1572–1574.
Ruelland, E., Cantrel, C., Gawer, M.,
Kader, J., and Zachowski, A. (2002).
Activation of phospholipases C and
Disanearlyresponsetoacoldexpo-
sure inArabidopsis suspension cells.
Plant Physiol. 130, 999–1007.
Šamaj, J., Oveˇ cka, M., Hlavaˇ cka,
A., Lecourieux, F., Meskiene, I.,
Lichtscheidl, I., Lenart, P., Salaj, J.,
Volkmann,D.,Bögre,L.,Baluška,H.,
and Hirt, H. (2002). Involvement of
themitogen-activatedproteinkinase
SIMK in regulation of root hair tip
growth. EMBO J. 21, 3296–3306.
Sun, C., Höglund, A., Olsson, H.,
Mangelsen, E., and Jansson, C.
(2005). Antisense oligodeoxynu-
cleotide inhibition as a potent strat-
egyinplantbiology:identiﬁcationof
SUSIBA2 as a transcriptional activa-
tor in plant sugar signalling. Plant J.
44, 128–138.
Testerink, C., and Munnik, T. (2011).
Molecular, cellular, and physiologi-
cal responses to phosphatidic acid
formation in plants. J. Exp. Bot. 62,
2349–2361.
van Schooten, B., Testerink, C., and
Munnik,T.(2006).Signallingdiacyl-
glycerolpyrophosphate,anewphos-
phatidic acid metabolite. Biochim.
Biophys. Acta 1761, 151–159.
Vicogne, J., Vollenweider, D., Smith,
J. R., Huang, P., Frohman, M.
A., and Pessin, J. E. (2006).
Asymmetric phospholipid distri-
bution drives in vitro reconsti-
tutedSNARE-dependentmembrane
fusion. Proc. Natl. Acad. Sci. U.S.A.
103, 14761–14766.
Wang, X., Teng, Y., Wang, Q., Li, X.,
Sheng, X., Zheng, M., Samaj, J.,
Baluška,F.,and Lin,J. (2006). Imag-
ing of dynamic secretory vesicles in
living pollen tubes of Picea meyeri
using evanescent wave microscopy.
Plant Physiol. 141, 1591–1603.
Wei, L. Q., Xu, W. Y., Deng, Z. Y., Su,
Z., Xue, Y., and Wang, T. (2010).
Genome-scale analysis and compar-
ison of gene expression proﬁles in
developing and germinated pollen
in Oryza sativa. BMC Genomics 11,
338.
Winship, L. J., Obermeyer, G., Geit-
mann, A., and Hepler, P. K. (2010).
Under pressure, cell walls set the
pace. Trends Plant Sci. 15, 363–369.
Yamamoto, A., DeWald, D. B., Boro-
nenkov, I. V., Anderson, R. A., Emr,
S.D.,andKoshland,D.(1995).Novel
PI(4)P 5-kinase homologue, Fab1p,
essential for normal vacuole func-
tion and morphology in yeast. Mol.
Biol. Cell 6, 525–539.
Žárský, V., and Potocký, M. (2010).
Recyclingdomainsinplantcellmor-
phogenesis: small GTPase effectors,
plasma membrane signalling and
the exocyst. Biochem. Soc. Trans. 38,
723–728.
Zeniou-Meyer, M., Zabari, N., Ashery,
U., Chasserot-Golaz, S., Haeberlé,
A., Demais, V., Bailly, Y., Gottfried,
I., Nakanishi, H., Neiman, A. M.,
Du, G., Frohman, M. A., Bader, M.,
andVitale,N.(2007).Phospholipase
D1 production of phosphatidic acid
at the plasma membrane promotes
exocytosis of large dense-core gran-
ulesatalatestage.J.Biol.Chem.282,
21746–21757.
Zhang, Y., Zhu, H., Zhang, Q., Li,
M., Yan, M., Wang, R., Wang,
L., Welti, R., Zhang, W., and
Wang,X.(2009).Phospholipasedal-
pha1 and phosphatidic acid regulate
NADPH oxidase activity and pro-
duction of reactive oxygen species
in ABA-mediated stomatal clo-
sure in Arabidopsis. Plant Cell 21,
2357–2377.
Zonia, L. (2010). Spatial and temporal
integration of signalling networks
regulating pollen tube growth. J.
Exp. Bot. 61, 1939–1957.
Zonia, L., and Munnik, T. (2004).
Osmotically induced cell swelling
versus cell shrinking elicits speciﬁc
changes in phospholipid signals in
tobacco pollen tubes. Plant Physiol.
134, 813–823.
Zonia, L., and Munnik, T. (2008).
Vesicle trafﬁcking dynamics and
visualization of zones of exocy-
tosis and endocytosis in tobacco
pollen tubes. J. Exp. Bot. 59,
861–873.
Conﬂict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or ﬁnancial relationships that
could be construed as a potential con-
ﬂict of interest.
Received: 01 December 2011; accepted:
29 February 2012; published online: 19
March 2012.
Citation: Pleskot R, Pejchar Pr, Bezvoda
R,Lichtscheidl IK,Wolters-Arts M,Marc
J, Žárský V and Potocký M (2012)
Turnover of phosphatidic acid through
distinct signaling pathways affects mul-
tiple aspects of pollen tube growth in
tobacco. Front. Plant Sci. 3:54. doi:
10.3389/fpls.2012.00054
This article was submitted to Frontiers in
Plant Physiology, a specialty of Frontiers
in Plant Science.
Copyright © 2012 Pleskot, Pejchar,
Bezvoda, Lichtscheidl, Wolters-Arts,
Marc, Žárský and Potocký. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution Non Commercial License,
which permits non-commercial use,
distribution, and reproduction in other
forums, provided the original authors
and source are credited.
www.frontiersin.org March 2012 | Volume 3 | Article 54 | 13